Moreover, the low sub band gap absorption [3] [4] [5] [6] , increasing steeply to about α 10 4 cm -1 at 7 600 nm 7 , enables semi-transparent perovskite solar cells to pre-filter the solar spectrum for low 8 band gap absorbers in multi-junction devices. In particular, the combination with crystalline 9 silicon (c-Si), which has a band gap of 1.12 eV at room temperature 8 , is a promising route to 10 circumvent thermalization losses in conventional photovoltaic energy conversion. By these 11 means, conversion efficiencies beyond the Schockley-Queisser-limit are anticipated for 12 perovskite/silicon tandem devices. 9, 10 
13
Realizing a perovskite/silicon tandem design requires electrodes, which must be gently deposited 14 onto organic layers of the hybrid perovskite top cell while being particularly transparent in the IRspectral regime. Due to the unique optoelectronic properties of graphene this material is the clear 1 choice to tackle this challenge. Electrodes based on graphene combine excellent optical 2 transmission (T) of 97.4 % with a sheet resistance of 100 /sq 11 . 3
Apart from graphene, different strategies to contact the perovskite top cell have been proposed 4 before, most of them suffering from a considerable amount of parasitic absorption at long 5 wavelengths. Initial attempts based on 20 nm thin semi-transparent aluminium contacts achieve 6 optical transmission of only 30 %.
12 Promising alternatives such as lamination of a silver 7 nanowire (AgNW) mesh 10, 13 the best performing perovskite/silicon tandem device with an energy conversion efficiency of 10 17.0 % 10 is based on AgNW electrodes. However, the maximum transmission of such electrodes 11 is small compared to graphene and varies between 83 and 89.5 %, only.
16,17

12
On the other hand, conventional transparent conductive oxides are optimized for spectral 13 transmission but cannot be directly deposited onto the perovskite top cell. Ion bombardment 14 during sputter deposition deteriorates the topmost hole-transport layer. Minimizing the damage 15 of its organic material requires additional buffer layers and a meticulous control of the deposition 16 process. 9 These buffer layers and their defective interfaces cause substantial current losses.
17
While previous electrodes are limited either by electro-optical performance or processability, we 18 demonstrate that graphene is a suitable contact material and is fully compatible to solution 19 processing of perovskite solar cells. For this purpose, large-area graphene grown by chemical 20 vapor deposition (CVD) 18,19 is transferred onto a perovskite solar cell consisting of the layer 21 sequence glass/SnO2:F/TiO2/CH3NH3PbI3/spiro-OMeTAD. The latter abbreviates the hole 1 conductor 2',7,7'-tetrakis-(N,N-di-4-methoxy-phenyl-amino)-9,9'-spirobifluorene. contact to a reference device containing a gold electrode (Fig. 2) . Both solar cells were fabricated 6 and analyzed side-by-side on the same substrate, to ensure comparability. The JV measurements 7 are directly compared in reverse direction (from positive to negative bias). For clarity, the 8 commonly observed hysteresis between forward and reverse measurements 21, 22 is omitted in 9 Fig. 2 . The JV curves from forward and reverse measurements can be found in the 10 supplementary information (Fig. S1 ). The electrical characteristics of the solar cells are 11 summarized in Table 2 . by the graphene contact. Remarkably, this was accomplished without the need for a buffer layer 5 that promotes adhesion and field-effect doping. 20 Here, adhesion and intimate contact of 6 graphene on spiro-OMeTAD is ensured by Van-der Waals forces. 7
The power conversion efficiency of the graphene/perovskite solar cell shows a somewhat 8 lower value of  = 8.3 %. This is due to (i) a small contribution to the efficiency loss results from 9 the short circuit current, JSC, which decreases from 15.75 mA/cm 2 for the reference solar cell to 10 14.75 mA/cm 2 of the device with the graphene contact. This is not an issue of charge collection 11 at the graphene electrode. In fact, the reduced JSC is due to the lower photogeneration as result of 12 the poor Lambertian back reflector. It has to be noted that also the entire device optic changed 13 due to the switched illumination direction. Especially, parasitic absorption of the spiro-OMeTAD 14 layer in the wavelength range from 300 to 450 nm becomes relevant since the device was 15 illuminated from the graphene side. Moreover (ii) a reduction of the fill factor (FF) from 63 % on 16 the Au reference to 57 % with graphene electrode contributes to the efficiency loss. A detailed 17 analysis of the device parameters reveals an increase in series resistance from RS = 10. The blue squares in Fig. 2 show the JV characteristics of the graphene/perovskite solar cell 1 when illuminated from the glass/SnO2:F side without a back reflector. This device geometry will 2 be used later to demonstrate a perovskite/silicon tandem device. In this case, the light passes the 3 solar cell only one time and therefore, the short circuit current decreases to JSC = 12.56 mA/cm 2 . 4
Hence, the efficiency of the semi-transparent perovskite top cell amounts to  = 6.2 % when 5 used in a four-terminal tandem device. respectively. The red and black dashed lines correspond to the calculated IQE for graphene and 10
Au contacts, respectively. The devices were illuminated from the glass/SnO2:F side. 11
To substantiate the identical charge collection at the graphene contact with respect to the gold 12 electrode the spectral response of both cells was measured. Figure 3 shows external (EQE) and 13 internal (IQE) quantum efficiency measurements for the semi-transparent graphene/perovskite 14 solar cell and the Au contacted reference cell. Both samples were illuminated from theglass/SnO2:F side. The EQE measured on the Au reference (solid squares in Fig. 3) reaches  1 values of up to 71 % and an integrated current of 15.07 mA/cm 2 . This integrated JSC matches JSC 2 obtained from JV measurements (see Fig. 2 ). The EQE of the semi-transparent 3 graphene/perovskite cell is reduced for wavelengths above 600 nm (open circles in Fig. 3) . In 4 this spectral regime the optical absorption in the perovskite starts to decrease and a considerable 5 amount of light passes through the device without being absorbed. In a tandem device the 6 transmitted light generates charge carriers in the bottom cell. Hence, changing the thickness of 7 the perovskite absorber allows to adopt the transmittance of the top cell to the spectral response 8 of the bottom cell. 9
The IQE is calculated from the reflection, R(λ), and transmission, T(λ), of the perovskite cell 10 according to .
(
1) 12
The IQE of the graphene/perovskite solar cell (red dashed line in Fig. 2 ) reaches a maximum of 13 77.3 % at 520 nm. In comparison, the device with the Au contact shows a maximum of 76.1 %, 14 only. Hence, graphene contacts show identical charge collection efficiency and light 15 management even at long wavelengths. 16
In addition to the equal charge collection, the quantum efficiency of the semi-transparent 17 graphene/perovskite solar cell suggests an optical benefit from using a graphene electrode. Although the absorption of the perovskite is low in the sub band gap region, the transmission of 12 the device prior to the graphene transfer (dotted blue line in Fig. 4 ) is reduced to 60 %, only. This 13 is due to enhanced reflection at the spiro-OMeTAD/air interface. 14 To evaluate the optical impact of the graphene contact a direct comparison between the 1 transmission of the perovskite solar cell stack with and without graphene is of particular interest. 2
The red solid line in Fig. 4 shows the transmission of the complete device structure including 3 graphene and its polymer-support. Remarkably, an increase of the absolute transmission of 4 around 2 %, compared to the sample without graphene/support is observed for 5 650 <  < 950 nm. This effect is due to a reduced reflection at the spiro-6
OMeTAD/graphene/support versus the spiro-OMeTAD/air interface. A decrease in transmission 7 observed for 950 <  < 1130 nm is due to increased reflection, caused by the same interference 8 effect. This anti-reflection effect of the graphene contact including its polymer support enhances 9 the optical transmission of the semi-transparent perovskite solar cell. These beneficial effects 10 even predominate the absorption at the graphene contact itself, since the optical absorption of 11 monolayer graphene amounts to 2.3 %, only. 12
The complete graphene/perovskite solar cell transmits 64.3 % of the incident light at 860 nm. 13 The transmitted light can be harvested in the bottom part of a tandem device. For this purpose, 14 the semi-transparent graphene/perovskite top cell is integrated into a four terminal tandem 15 design. This arrangement is particularly favourable, since it does not require current matching. 16
As an example we present the combination with an amorphous/crystalline silicon (a-Si:H/c-Si) 
Graphene Electrode Preparation 1
Large area CVD-graphene sheets were prepared via catalytic decomposition of methane on a 2 hot 25 µm thick copper foil 18, 19 . Prior to the graphene deposition, the copper substrate was 3 polished and sonicated in acetone and isopropyl alcohol for 10 min. Residual surface oxides 4 were removed using acetic acid. The chemical vapour deposition of graphene is conducted in a 5 two-step process: First, the copper substrate is recrystallized in a hydrogen flow of 2 sccm at a 6 temperature of 1000°C. Subsequently, the hydrogen flow was reduced to 0.7 sccm and 11.4 sccm 7 of the carbon precursor methane was introduced. The latter growth step was carried out at a 8 pressure of 0.5 mbar for one hour. The final graphene sheets had a typical size of several square 9 centimeters. From these sheets smaller pieces of about 1 cm 2 were cut and used as transparent 10 electrodes. The graphene electrode was contacted using a Au grid finger, which was evaporated 11 onto spiro-OMeTAD. Tetrakis-(N,N-di-4-methoxy-phenyl-amino)-9,9'-spirobifluorene, spiro-OMeTAD 3
